The white-footed mouse, Peromyscus leucopus, is the primary reservoir for Borrelia burgdorferi, the causative agent of Lyme disease, in the northern midwest and northeastern United States (11, 12, (17) (18) (19) . This mouse is also the primary host for infecting larval and nymphal Ixodes dammini ticks, which during subsequent feeding, provide the source of infection to associated human populations. Attempts to culture B. burgdorferi from naturally infected white-footed mice and to identify antibodies in mice to this spirochete have been instrumental in defining the geographic distribution and areas of potential risk of infection by this important human pathogen (12, (18) (19) (20) (21) . Previous studies have shown that these mice may remain infected for long periods of time, and in one study 52% of white-footed mice infected with B. burgdorferi also had antibodies to this spirochete (20) . Little experimental work has been done to define the antibody response in white-footed mice to gain a better understanding of the apparent excellent reservoir competence of this host. In one study, four P. leucopus developed antibodies to B. burgdorferi within 1 week after experimental inoculation and peaked in their response at day 17 postinoculation (5). In another study, Peromyscus maniculatus maintained elevated total antibodies to B. burgdorferi for up to 140 days postinoculation, at which time the experiment was terminated (6) . However, the epidemiological significance of P. maniculatus to Lyme disease in humans remains to be demonstrated. The paucity of experimental data describing the antibody response to B. burgdorferi in white-footed mice, the observation that spirochetes and antibodies to them occur together in a significant proportion of naturally infected mice, and our routine isolation of B. burgdorferi from experimentally infected white-footed * Corresponding author. mice that also have high antibody titers prompted the present investigation. Herein we describe class-and subclass-specific antibody responses in white-footed mice resulting from various experimental inoculations with B. burgdorferi. MATERIALS 
AND METHODS
Strains of B. burgdorferi. Sh-2-82 originated from naturally infected adult I. dammini ticks collected on Shelter Island, N.Y. (23) . B-31 (ATCC 35210), the prototype strain of B. burgdorferi (2, 14) , has been maintained in our laboratory for several years.
Animal inoculation and collection of blood. White-footed mice were each bled 3 days prior to inoculation and caged separately to prevent the possibility of contact transmission occurring after the experimental inoculations (5). Twenty white-footed mice, all males between 3 and 6 months of age, were inoculated with live B. burgdorferi grown in BSK-II media (1) . Ten mice were inoculated with passage 1 of strain Sh-2-82, shown previously to be infective in this host (22, 23) . The other 10 mice were inoculated with strain B-31 that was not infective (22) . Within each group of 10 mice, 5 mice were inoculated intraperitoneally (IP) and 5 mice were inoculated subcutaneously (SC). Spirochetes were first removed from BSK-II media by centrifugation (9,000 x g for 15 min) and then 3446 SCHWAN ET AL. suspended in phosphate-buffered saline (PBS)-5 mM MgCl2 (pH 7.4) . Spirochetal concentrations of the two strains were standardized by adjusting each to an optical density at 600 nm of 0.20. With a Petroff-Hausser counting chamber with a dark-field microscope, these suspensions had approximately 2 x 108 spirochetes per 0.5 ml, which was the volume of the inoculum given either IP or SC to each animal.
White-footed mice were bled daily for the first 7 days postinoculation, on day 16, and then every week for 12 weeks (84 days) postinoculation. Each mouse was first lightly anesthetized with ether and then bled from the retro-orbital sinus with a 250-,u heparinized Natelson capillary tube (American Scientific Products, McGaw Park, Ill.). Each blood sample was transferred to a 1.5-ml Eppendorf tube, chilled at 4°C for several hours, and centrifuged at 10,000 x g for 20 min, and the plasma was collected and stored at -70°C. Eight white-footed mice that had been inoculated with the infectious strain of spirochetes were killed on day 84 postinoculation, and the spleens and urinary bladders were cultured in BSK-II media as described previously (22, 23) .
Serology. For ELISA, a 500-ml culture of B. burgdorferi B-31 containing approximately 108 cells per ml was centrifuged (12,500 x g), rinsed, suspended twice in PBS, and diluted to an optical density at 600 nm of 0.05. This suspension was sonicated on ice in 20-ml portions for 2 min at an output control setting of 5 using a Branson Sonifier-Cell Disruptor 185 (VWR Scientific, San Francisco, Calif.). The protein concentration of the sonicated suspension was determined with the Bradford assay (Bio-Rad Laboratories, Richmond, Calif.). The sonicate was then preserved with merthiolate (1:10,000) and stored at 4°C. To test sera by ELISA, Immulon-2, 96-well, flat-bottomed microdilution plates (Dynatech Laboratories, Inc., Alexandria, Va.) were coated with 50 ,u of the sonicated spirochetal suspension per well containing 1 ng/,ul and were dried overnight at 37°C.
Wells were then blocked to inhibit nonspecific binding with 200 ,ul of diluent (PBS-5% horse serum-0.05% Tween 20-0.001% dextran sulfate) for 1 h at 37°C and then washed once with PBS-0.05% Tween 20. Sera were tested at 8 twofold serial dilutions (1:32 to 1:4,096) by incubating 100 ,ul of each dilution per well for 1 h at 37°C. After three washes, 100 RI of a 1:5,000 dilution of rabbit anti-Peromyscus immunoglobulin G (IgG) (heavy and light chains), IgGl, IgG2, or IgM was added per well and the plates were incubated for 1 h at 37°C. After three washes, goat anti-rabbit IgG (1:2,500) conjugated to horseradish peroxidase (Kirkegaard and Perry Laboratories, Gaithersburg, Md.), 100 RI was added per well, and the plates were incubated for 1 h at 37°C. After three washings, a substrate of 50% 2,2'-azino-di-(3-ethylbenzthiazoline sulfonate) and 50% H202 (Kirkegaard and Perry Laboratories) was added for 20 min and then analyzed with a Titertek Multiscan spectrophotometer at 414 nm.
Class-specific antibodies to B. burgdorferi were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot (immunoblot) analysis. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the Laemmli buffer system (16) was used with a Mini-Protean II Dual Slab Cell (Bio-Rad Laboratories) following the instructions of the manufacturer. Spirochetes were first removed from BSK-II media by centrifugation (9,000 x g for 15 min), rinsed, and suspended in PBS to give an optical density at 600 nm of 0.35. One milliliter of a whole-cell lysate of this suspension was electrophoresed in one preparative 12.5% acrylamide gel and then blotted onto a nitrocellulose membrane with a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories) following the instructions of the manufacturer. The membrane was blocked overnight at room temperature using TSE-Tween (50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% Tween 20) and then cut into 4-mm-wide strips. Each strip was incubated with a plasma sample of P. leucopus, diluted 1:500 in TSE-Tween, and incubated with rocking at room temperature for 1 h in Accutran Disposable Incubation Trays (Schleicher & Schuell, Inc., Keene, N.H.) with eight strips per tray. The strips were washed with four to five changes of TSE-Tween during 1 h and then incubated with one of the specific rabbit anti-Peromyscus antibodies described below. These sera were diluted 1:2,000 in TSE-Tween and incubated for 1 h at room temperature, and the strips were washed as before. To detect antibody binding to the membrane, 125I-labeled protein A with approximately 500,000 cpm/ml was incubated on the strips for 1 h with rocking. The strips were washed again with four to five changes of TSE-Tween during 1 h, dried, aligned on grid paper, and placed on Kodak X-OMAT film (Eastman Kodak Co., Rochester, N.Y.) at -70°C with an intensifying screen. The exposed film was developed with a Kodak X-OMAT M20 processor. One strip from each membrane was incubated with three monoclonal antibodies and one monospecific polyclonal antibody to help interpret the Peromyscus blot patterns and to ensure that spirochetal components had transferred to the nitrocellulose. The monoclonal antibodies H9724, 5TS, and H5332 recognized epitopes on proteins with molecular masses of 41, 34, and 31 kilodaltons (kDa), respectively. Monospecific rabbit polyclonal antibody reacted with a protein of approximately 24 kDa.
IgGl, IgG2, and IgM were first defined for P. maniculatus (7) and later compared within the genus Peromyscus (8) . Antiserum to IgG (heavy and light chains) and specific antisera to IgGl, IgG2, and IgM of P. maniculatus that had been produced previously in New Zealand White rabbits (Oryctolagus cuniculi) (7) were used to examine specific antibody responses of P. leucopus to B. burgdorferi by using ELISA and Western blot analysis described above.
RESULTS
In each group of 10 P. leucopus inoculated with either the infectious or noninfectious strain of B. burgdorferi, one mouse in each group did not seroconvert for IgM as determined by ELISA, and these mice were excluded from further testing. A few mice in each group also died during the 84 days of serial bleeding and were excluded from IgG testing. There were no apparent differences in antibody response as determined by ELISA between mice inoculated SC and those inoculated IP, and these mice were grouped together for further analysis and graphic presentation.
By ELISA, 7,774 optical density determinations were made that resulted from testing plasma at 8 dilutions (1:32 to 1:4,096) for the different classes of antibodies in 19 sequential samples. In many cases, endpoint titers were equal to or greater than the highest dilution tested and were of little value in examining the temporal changes in circulating antibody in individual mice after inoculation. Optical density measurements provided a more sensitive assay for changes in antibody concentration than did titers resulting from twofold serial dilutions. Therefore, mean optical densities at one dilution (1:256) are presented to demonstrate circulating antibody in the white-footed mice.
White-footed mice inoculated with either the infectious or noninfectious strain of B. burgdorferi produced significant -r -r I-. . (Fig. 1 ). Mice inoculated with the infectious strain of spirochetes (P-1) showed a continued increase in circulating antibody out to day 84 (Fig. 1A) , whereas mice inoculated with the noninfectious strain (B-31) plateaued in their antibody response by day 28 (Fig. 1B) . However, in these assays, cross-reactivity to light chains of the different antibody classes masked the temporal changes of the specific immunoglobulins.
Assays with rabbit anti-Peromyscus IgM (heavy chain) demonstrated that white-footed mice had IgM anti-B. burgdorferi antibodies circulating within 1 or 2 days after inoculation with either the infectious or noninfectious strain of spirochetes (Fig. 2) , with peaks in optical density on days 4 and 5 postinoculation, respectively. During the first week after inoculation, serum IgM antibody was higher in mice inoculated with the noninfectious strain; however, mice inoculated with the infectious strain of spirochetes had a secondary increase in IgM which peaked on day 21 postinoculation ( Fig. 2A) . This secondary peak of IgM antibody was not observed in any of the mice inoculated with noninfectious spirochetes (Fig. 2B) .
White-footed mice inoculated with either the infectious or noninfectious strain of spirochetes produced specific anti- , and eight mice were tested thereafter. For B, nine mice were tested through day 21, eight mice were tested on days 28 and 35, and seven mice were tested thereafter.
bodies in both IgGl and IgG2 classes (Fig. 3 and 4 Fig. 3A with Fig. 4A and Fig. 3B with Fig. 4B ). Both IgGl and IgG2 responses were barely detectable by days 5 to 7 postinoculation but became obvious by day 16 and increased gradually to day 84 when the experiment was terminated. However, mice inoculated with the noninfectious strain of spirochetes showed a faster development of both IgGl and IgG2 antibodies until day 35 (Fig. 3B and 4B ), compared with mice inoculated with the infectious strain ( Fig. 3A and 4A ).
Western blot analysis of 18 sequential plasma samples from each of three white-footed mice inoculated with the infectious strain of spirochetes demonstrated the development of IgM, IgGl, and IgG2 antibodies to numerous spirochetal antigens. Blots for one mouse (designated number 119) are shown (Fig. 5) kDa. The development of specific antibodies in IgGl and IgG2 classes was nearly identical (Fig. SB and C) . Antibodies in both immunoglobulin classes reacted very weakly to the flagellar proteins (41 kDa) and another component with a slightly lower molecular mass during days 5 to 7 postinoculation. By day 16, significant binding to several other spirochetal components was obvious, and the patterns became more diverse with time.
Plasma samples taken 84 days after inoculation from eight mice inoculated with the infectious strain of spirochetes and from eight mice inoculated with the noninfectious strain were also analyzed by Western blots to examine individual variation in their IgGi antibody response. We examined only the IgGl response because previous analyses demonstrated that the IgGl and IgG2 responses were identical ( Fig. 5 ; experiments with other mice not shown), and we assumed that either one would be suitable to look at variation among the mice. Each plasma sample was tested twice, once with the infectious strain (passage P-1 of Sh-2-82) and once with the noninfectious strain (B-31). These were the strains used to inoculate the two groups of mice and provided an opportunity to examine the antibody response both to the true antigenic stimulus given the mice and to a different strain for comparison. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole cell lysates of these two strains showed them to be quite similar in their protein profiles; however, there are differences in the polypeptides of approximately 24, 27, 34, and 36 kDa (Fig. 6) . White-footed mice inoculated with and tested against the infectious strain showed similar blot patterns in their IgGi antibody responses to 10 to 12 spirochetal components (Fig. 7) . When these same plasma samples were reacted with the cultureadapted, noninfectious strain, very different blot patterns resulted, with only weak IgGl antibody responses to 1 to 4 spirochetal components. In contrast, mice inoculated with the noninfectious strain showed similar and reduced blot patterns in their IgGl antibody responses when tested with either B-31 or P-1 (Fig. 8) . That is, the strain used for blotting had little affect on blot patterns for plasma from mice inoculated with the noninfectious strain of spirochetes. burgdorferi, plasma samples from four mice were tested for total antibodies at 3-to 7-day intervals until 35 days after inoculation (5 (9) . We had considered the possibility that persistent spirochetal infection in white-footed mice might be due, in part, to the nonstimulation of IgG2 and, therefore, the inability of mice to kill spirochetes in the absence of complement-fixing antibodies. For human serum, IgG anti-B. burgdorferi antibody is needed for the complement-mediated killing of this spirochete (15) . Therefore, white-footed mice that were inoculated with the infectious strain of spirochetes produced IgG2 antibody and thus had complement-fixing capability. However, at least three of eight mice remained infected as we were able to isolate the organism when spleen and urinary bladder triturates were cultured in BSK-II media on day 84 postinoculation.
Persistent spirochetal infection in some of our mice may have been due, in part, to the large number of spirochetes given to them, and we will examine antibody production in mice infected by tick bite in a separate study. However, white-footed mice naturally infected in the wild have produced both positive cultures and positive serological tests, demonstrating concurrent spirochetal infection and circulating anti-B. burgdorferi antibodies. The isolation of B. burgdorferi from P. leucopus collected during the winter, when ticks have not been active for several months (20) , suggests that persistent spirochetal infection also occurs naturally in this species.
The neutralizing or bacteriocidal activity of the immune serum of white-footed mice, the sequestering of spirochetes in parts of the body less susceptible to humoral attack, cell-mediated immunity, and antigenic variation of B. burgdorferi in vivo all require further investigation to elucidate the mechanisms underlying persistent spirochetal infection. There is ample evidence now, however, demonstrating antigenic changes in B. burgdorferi during in vitro cultivation and, therefore, the potential for this spirochete to change antigenically during infection in vertebrate hosts, including humans. The development of IgM antibody to a 34-kDa protein of B. burgdorferi in a human patient with Lyme disease, 16.5 months after onset of disease (10), may have resulted from a new antigenic population of spirochetes developing during late infection. In vivo antigenic variation over time is also supported by the cyclic pattern of I. dammini and Ixodes scapularis acquiring spirochetes during feeding on infected New Zealand White rabbits (0. cuniculi) or hispid cotton rats (Sigmodon hispidus) (3, 4) . In our white-footed mice inoculated with the infectious strain of spirochetes, all nine mice that seroconverted showed a first peak in IgM antibody during the first week of infection and a second higher peak during the second to fourth weeks. Additionally, two of eight mice showed a third increase in IgM during the last 3 weeks (days 70 to 84). This cyclic IgM response seen only in those mice inoculated with the infectious strain of spirochetes suggests to us that the population of spirochetes may have also cycled in abundance, possibly because of immune clearance of the spirochetes followed by increased populations of new antigenic variants arising during the course of infection. Analysis of sequential populations of spirochetes isolated during the course of infection and IgM antibody binding in immunoblots would be of great interest.
The different Western blot patterns that we observed when testing the same plasma from infected white-footed mice with either the low-passaged strain or the high-passaged strain of spirochetes may have relevance to the correct interpretation of blot patterns for the serodiagnosis of human Lyme disease. One study has shown that immunoblot patterns of sera from dogs naturally exposed to B. burgdorferi will vary with the strain of spirochete used (13) . In our study, infected white-footed mice had positive and diverse blot patterns when tested with the same organisms with which they were infected. However, when the plasma from these same mice were tested with strain B-31, the blot patterns were either restricted or negative. It 
